The global energy demand has grown significantly over the last decades and it is predicted to keep growing in the next years [1] [2] [3] . To compensate this trend, the production from fossil fuels will be increasingly backed up by energy from renewable sources. In particular, the contribution from solar energy is expected to play a significant role in the near future.
So far, dye-sensitized solar cells (DSSCs) have been one of the most promising technologies to deliver cost-effective solar power which have been intensively investigated over the last 20 years [4] [5] [6] [7] [8] [9] . Emerging from the field of DSSCs, the inorganic-organic perovskite materials have been used to fabricate high-performance hybrid solar cells within the last two years, with power conversion efficiencies (PCE) up to 20% 10 . Such performances are quite striking considering the extremely young technology. In the first demonstration, Kojima and coworkers used methylammonium lead halides (CH3NH3PbX3) as TiO2 sensitizer in a device architecture identical to a DSSC, which has been described as perovskite-sensitized solar cell (PSSC) 11 . A few years later, Lee and co-workers demonstrated that CH3NH3PbX3, prepared from a particular precursors solution with a source of both iodine and chlorine, can effectively support charge transport as well as being a good light absorber 12 . This enabled the development of a new device configuration, named meso-superstructured solar cell (MSSC).
In MSSCs an insulating mesoporous Al2O3 layer substitutes the mesoporous TiO2 and acts simply as a scaffold for the perovskite rather than as an electron transporter. demonstrated that a direct contact between the perovskite and the metal electrode enables significant higher recombination losses than the contact between the perovskite and the HTM 22 . However, a metal-perovskite contact could also arise if the perovskite is not homogeneously covered by the HTM layer and this could indeed be an issue for solution processable small molecules 23 . Previous studies in the field of organic electronics have also pointed out the presence of metal migration through the active organic layer during device operation [24] [25] [26] [27] [28] [29] [30] [31] . In order to minimize this issue a relatively thick HTM capping layer is needed on the top of the perovskite in solar cells, though this increases the device series resistance which is detrimental for performance 32, 33 .
Here we demonstrate that electrical shunt pathways in perovskite solar cells, negligible in freshly made devices, become increasingly more important as the device is operated under simulated sun light. We show that a thin layer of Al2O3 nanoparticles employed as a buffer layer sandwiched between the perovskite and the HTM inhibits the formation of shunting pathway and meanwhile allowing for a surgical control of the HTM thickness which leads to a substantial gain in the device FF.
In Figure 1 we report the cross sections of perovskite based MSSCs a) as optimized by Ball and co-workers 34 The overall PCEs with Al2O3 buffer layers are on average higher than the standard cells without buffer layers. A closer look at the main parameters driving the solar cell performance shows that the photocurrent generated by the cells does not depend on the device architecture, which suggests that the charge generation and collection is not affected by the presence of the buffer layer. The Voc values are also comparable. The fill factor is the most affected parameter; it is 25% higher in cells with a buffer layer than in standard control cells. Notice that the same trends were observed in 3 different batches of devices (see SI for details).
From the SEM cross-section of the devices (Fig 1a and 1b) it is evident that the presence of the buffer layer allows for a reduction of the HTM layer thickness of about a factor 3. A fresh perovskite cell can be modelled by an equivalent circuit consisting of two diodes 35,36 , representing the recombination at each of the device charge selective heterojunctions, in series with two resistors, which represent the resistance associated with the motion of charges through each of the blocking layers (see SI for details). By fitting the dark J-V curves measured from both devices architectures with such a model we found that one factor that contributes to raising the FF in buffered devices is the three times lower series, which is in good agreement with the three times thinner spiro-OMeTAD layer reported in Figure 1 for device with buffer layer. Assessed the new device architecture we performed an ageing test to check how the buffer layer affects the device performances over time. We left sealed devices under simulated full sunlight (generated from a xenon lamp without UV filtering) up to 350 hours, monitoring the devices performances. We report the PCE as a function of time in Figure 2 . Devices without the buffer layer show a rapid deterioration of the performances in the first 200 hours, then they stabilise. The best result we got with a buffered cell shows an efficiency dropping of only 5% after the 350 hour test.
Very similar trends have been observed before for the control devices, without any clear rationalization 37 . So far, moisture has been identified as the major cause of degradation for the hybrid perovskite semiconductor 23, 38, 39 . However we found no evidence of degradation of the perovskite absorber material after 350 hours under full sun light illumination (see linear absorption spectrum in SI).
Considering the entire device structure, the presence of TiO2 as hole blocking layer has been found to make the device sensitive to UV radiation 37 . Again, we can exclude this as both device structures studied here present a TiO2 layer. In the same way we can exclude any phenomena of de-doping of the spiro-OMeTAD due to absence of oxygen since we made use of H-TFSI doping, which allows a stable doping level also in oxygen-free condition 40 . During the ageing test we monitored not only the J-V under illumination, but also the J-V in dark conditions, which we show in Figure 3a for MSSCs with buffer layer and in Figure 3b for standard MSSCs. In these figures, the statistics is obtained from 8 different solar cells, 4
with buffer layer and the other 4 without the buffer layer.
It is well known that in a solar cell the shunting effects become important at low voltages and the series resistance at higher voltages 41 . This means that in presence of a change in the shunting paths of a solar cell, the effect would be clear in the low voltage parts of the J-V curve. Here, the dark J-V curves of control cells show a clear growth of the current density at low voltages after 350 hours of ageing. On the contrary in cells with the buffer layer the growth of the current at low voltages is reduced. This trend gives a qualitative indication that the shunting pathways form quicker without the buffer layer.
To be more quantitative, we fitted the experimental results (in Figure 3c-d) to a model based on the equivalent circuit shown in SI. This circuit incorporates an additional shunting diode to model the effects of the metal-perovskite contact (see SI for details). By fitting two representative J-V curves showed in Figure 3 , one for the control cells and the other for the buffered cells, we extracted that the reverse saturation current density of the shunting diode ( ℎ ), after device ageing, was two orders of magnitude higher in the control than in the buffered device (see SI). In our model, a higher ℎ indicates a greater proportion of the current flowing through the shunting diode, which is due to metal-perovskite contact. It follows that aged devices without buffer layers suffer from significantly higher shunting losses than those with buff layers. Thus, we conclude that the Al2O3 buffer layer protects the perovskite in the presence of pin-holes defects that originate during the deposition of the HTM and/or from electrode migration that could arise under the ageing process. The main consequence of this effect is a considerable improvement of the stability of the power conversion efficiency of devices incorporating the Al2O3 mesoporous buffer layer.
In conclusion, we have demonstrated that an important degradation mechanism in perovskite solar cells is activated by a low shunt resistance occurring during aging. We postulate that a direct contact between the metal electrode and the perovskite results in detrimental electronic shunt pathways, which lower the power conversion efficiency. We showed that the occurrence of shunting is negligible in freshly made device, but becomes increasingly more important during the device operation, being responsible for a significant losses in the first few hundreds of hours of operation. In order to minimize this phenomenon, we introduced an The substrate was then heated at 100°C for 2 h on a hotplate in the glovebox. A more detailed description of this step has been reported elsewhere 12, 34 .
Then, a iodopentafluorobenzene (IPFB) solution was used to passivate surface sites as recently reported 42 . In cells with the buffer layer, the concentration of the spiro-OMeTAD and the additives in the CB solvent were halved in order to obtain a thinner capping layer. We underline that all the preparation of the HTM solution was performed without exposing the spiro-OMeTAD and the additives to air and using anhydrous solvents.
The buffer layer was dynamically coated by dropping a colloidal dispersion of < 50 nm Al2O3 nanoparticles at 2 wt% in isopropanol directly on to the substrate while spinning at 2000 rpm.
The hole transporter layer was finally deposited in both cases, with and without the buffer layer, by depositing the spiro-OMeTAD solution upon a stationary substrate and then spin- Perovskite and Al2O3 layers Characterization. Sample thicknesses were measured using a Veeco Dektak 150 surface profilometer. Scanning electron microscopy (SEM) images were obtained using a Hitachi S-4300.
Encapsulation procedure. In order to perform stability tests, the devices were encapsulated in the nitrogen-filled glovebox spreading epoxy resin around the active area to stick a glass slide on the whole device (see the picture in the SI).
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